An extracellular proteolytic enzyme of Legionella pneumophila was purified by sequential batch separation with DEAE-cellulose, hydrophobic interaction chromatography with octyl-Sepharose, and ion-exchange chromatography with DEAE-Bio-Gel A (Bio-Rad Laboratories, Richmond, Calif.). The resulting protease preparation was determined to be homogeneous by polyacrylamide gel electrophoresis in the presence and absence of sodium dodecyl sulfate. Although free of contaminating proteins, the purified protease separated into two antigenically indistinguishable proteins both of which possessed proteolytic activity. The apparent masses of the proteins were 38 and 40 kilodaltons (kDa) as determined by polyacrylamide gel electrophoresis in sodium dodecyl sulfate, whereas gel filtration chromatography revealed a single mass of 34 kDa. Immunoblot analysis indicated that the 38-kDa protein probably originated from the 40-kDa protein during purification. The isoelectric points of the two protease species were 4.20 and 4.42. Enzyme activity, which was optimum between pH 5.5 and 7.5, was inhibited by various metal chelators; however, no effect was observed after treatment with phenylmethylsulfonyl fluoride, chymostatin, trypsin inhibitor, or dithiothreitol. Enzyme activity inhibited by metal chelators was restored upon the addition of various metal ions, including Zn2+, Fe2+, Mn2+, Cu2+, and Fe3+, but was not restored by Mg2+ or Ca2 . Atomic absorption analysis of the purified protease revealed a single gram-atom of zinc per mole of enzyme. Our findings indicate that the L. pneumophila protease resembles neutral zinc-containing metalloproteases similar to those found in other bacterial species.
Fe2+, Mn2+, Cu2+, and Fe3+, but was not restored by Mg2+ or Ca2 . Atomic absorption analysis of the purified protease revealed a single gram-atom of zinc per mole of enzyme. Our findings indicate that the L. pneumophila protease resembles neutral zinc-containing metalloproteases similar to those found in other bacterial species.
Protease production by Legionella pneumophila and other Legionella species has been reported in numerous studies (1-3, 15, 16, 21, 22) . First described as a gelatinase (25) , the enzyme is now known to hydrolyze peptide bonds of numerous naturally occurring protein and synthetic peptide substrates (2, 3, 15, 21) . Because of the cleavage pattern observed after the action of a crude enzyme preparation on various synthetic substrates, Berdal et al. (3) described the L. pneumophila protease as chymotrypsinlike in nature. However, another report, by Thompson et al. (21) , demonstrated that a partially purified enzyme preparation was insensitive to phenylmethylsulfonyl fluoride (PMSF), a potent inhibitor of chymotrypsin activity (7) . These conflicting results are difficult to interpret since the enzyme preparations used in these studies varied widely in their degree of purity (2, 21) . Clearly, further biochemical characterization of the L. pneumophila protease is impeded by the lack of a homogeneous enzyme preparation.
In this report, we describe the details of a simple purification scheme and some of the physical and biochemical properties of the resulting purified protease preparation from L. pneumophila.
MATERIALS AND METHODS
Bacterial strains and culture conditions. Only the Knoxville-1 strain of L. pneumophila was used in this investigation. Cultures of L. pneumophila were initiated by streaking buffered charcoal-yeast extract (BCYE) agar plates (6) with inoculum from stock cultures stored in 50% glycerol at -70°C. After 3 to 5 days of growth at 35°C in an atmosphere of 5% carbon dioxide, 10 to 15 colonies scraped from the * Corresponding author.
plates were used to inoculate liquid cultures. Liquid medium for protease purification was essentially BCYE broth, except that the yeast extract component was prepared by subjecting a 10% solution to ultrafiltration through PM-10 membranes (Amicon Corp., Lexington, Mass.), to remove the highmolecular-weight (mass > 10 kilodalton [kDa] ) components.
After dilution of the 10 x concentrated yeast extract ultrafiltrate and the addition of N-(2-acetamido)-2-aminoethanesulfonic acid (ACES), the pH of the medium was adjusted to 6.9 with KOH (6). The medium was then sterilized by autoclaving in 500-ml serum bottles containing dialysis bags loosely filled with 5 ml of a 10% suspension of activated charcoal. The medium was cooled, and L-cysteine (0.4 g/liter) and soluble ferric PP, (0.25 g/liter) (Remmel, Lenexa, Kans.)
were then added (6) . BCYE liquid medium was stored at room temperature in the dark for up to 1 month. For protease purification, six 50-ml samples of BCYE medium contained in 250-ml Erlenmeyer flasks were inoculated with L. pneumophila as described above. After 24 h of incubation at 35°C with orbital shaking (200 rpm), 50 ml from each flask was used as the inoculum for 1 liter of ultrafiltered BCYE medium contained in a 2,800-ml Fernbach flask. The resulting six Fernbach flask cultures were incubated as described above for 20 h.
Protease assay. Cultures filtrates and chromatography fractions were assayed for proteolytic activity as described by Thompson et al. (21) by using the dye release assay described by Rinderknecht et al. (17) . Hide Powder azure (Sigma Chemical Co., St. Louis, Mo.) was used as the protease substrate. Appropriate volumes (50 to 100 ,ul) of protease-containing samples were added to 50 mg of Hide Powder azure suspended in 2 ml of 0.1 M NaH2PO4 (pH 6.0) contained in polypropylene tubes (12 by 75 mm) fitted with snap caps. Assay tubes were incubated at 37°C for 30 min on a fixed-speed tube rotator (Fisher Scientific Co., Pittsburgh, L. PNEUMOPHILA PROTEASE 737 Pa.). After incubation, the tubes were chilled in an ice bath, centrifuged for 5 min at 1,000 x g, and spectrophotometrically measured at 595 nm for dye release. One unit of protease activity was arbitrarily defined as the amount of enzyme that produced change in A595 of 1.0 during 30 min of incubation. Samples containing 0.005 M EDTA were diluted in 0.025 M Tris hydrochloride-0.025 M NaCl-0.005 M EDTA (pH 7.2) (TSE), and then a portion was mixed with an equal volume of 0.005 M ZnSO4 before assay.
Purification of protease. Six liters of L. pneumophila culture grown in ultrafiltered BCYE was used as the starting material for protease purification. After removal of the cells by centrifugation at 9,000 x g for 20 min at 4°C, the resulting supernatant fraction was filtered through cellulose acetate membranes (0.2 ,um, pore size; Amicon), chilled to 4°C, and then diluted 1:1 (vol/vol) with ice-cold 0.01 M EDTA, pH 7.5. All purification steps included the addition of 0.01 M EDTA to inhibit protease autodigestion and improve the recovery of enzyme activity.
(i) Ion-exchange batch binding. Preswollen DEAE-cellulose (30 g) (DE-53; Whatman, Inc., Clifton, N.J.) was added to 12 liters of diluted culture filtrate and stirred gently for 2 h at 4°C. Protease, now bound to the DEAE-cellulose, was removed by filtering the suspension through a scintered glass frit. Unbound or loosely associated proteins were removed by washing the DE-53 with 5 volumes of ice-cold TSE. The washed cellulose exchanger was gently stirred into a slurry and poured into a low-pressure liquid chromatography column (1.5 by 30 cm). After settling at 4°C, the DE-53 bed was washed with ice-cold TSE buffer at a pumpcontrolled flow rate of 30 ml/h. Absorbed protein was eluted from the column with a linear gradient of 0.025 to 0.5 M NaCl in TSE. Column fractions (7.5 ml) were assayed for protease activity as described above. Protease-containing fractions were pooled and concentrated to approximately 25 ml by ultrafiltration with PM-10 membranes (Amicon), filuted 10-fold with TSE, and then desalted by repeated cycles of concentration and dilution in the ultrafiltration cell.
(ii) Hydrophobic interaction column chromatography. Solid ammonium sulfate was slowly added to the desalted preparation to achieve a final concentration of 1 M. The sample was then pumped at a flow rate of 15 mlIh over a column (1.5 by 30 cm) containing a 15-cm bed of octyl-Sepharose CL-4B (Pharmacia Fine Chemicals, Piscataway, N.J.) equilibrated with 1 M ammonium sulfate-0.025 M Tris hydrochloride-0.005 M EDTA (pH 7.4). Fractions (5 ml) of the column eluate were taken and monitored until the UV A280 returned to the base-line level. Protease activity was then eluted from the column with a 500-ml linear gradient of simultaneously decreasing ammonium sulfate and increasing ethylene glycol concentrations. The gradient, formed in a concentric cylindrical gradient former (Bethesda Research Laboratories, Inc., Gaithersburg, Md.), was made by mixing 50 ml of the column-run buffer with an equal volume of 50% ethylene glycol-0.025 M Tris hydrochloride-0.005 M EDTA (pH 7.4).
Column fractions (5 ml) were monitored for A280 and protease activity. Protease-containing fractions were pooled, concentrated to approximately 10 ml by PM-10 ultrafiltration, and dialyzed against four consecutive 1-liter changes of TSE.
(iii) DEAE-agarose ion-exchange column chromatography. The dialyzed protease sample was loaded at a flow rate of 12 ml/h on a column (1.5 by 30 cm) containing a 15-cm bed of DEAE-agarose (Bio-Gel A; Bio-Rad, Richmond, Calif.) which had been previously equilibrated in TSE. After the sample was loaded, the column bed was washed with 2 column volumes of TSE and a 500-ml gradient of 0 to 0.3 M NaCl in TSE buffer was run through the column to elute the protease activity. Column fractions (4 ml) containing protease activity were pooled, concentrated by ultrafiltration to approximately 3 to 5 mg of protein per ml, and dialyzed against TSE. The purified protease preparation was filter sterilized and stored at 4°C.
Polyacrylamide gel electrophoresis. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed by the procedure of Laemmli (10) using either 7.5 to 15% acrylamide gradient slab gels or 10% standard gels (1.5 mm thick 14 cm long). Samples for SDS-PAGE were adjusted to 2% SDS-5% 2 mercaptoethanol-0.125 M Tris hydrochloride (pH 6.8)-10% glycerol-0.01% bromphenol blue and then heated at 100°C for 5 min before electrophoresis. Electrophoresis proceeded at 20 mA until the tracking dye reached the bottom of the gel. Nondenaturing polyacrylamide slab gel electrophoresis (disc-PAGE) was performed by using the neutral pH, discontinuous buffer system of Williams and Reisfeld (26) . Nondenaturing gels (7.5% acrylamide) were prepared from a 30% stock solution of acrylamide containing 1.5% N,N'-methylenebisacrylamide. Samples for disc-PAGE were diluted 1:1 with sample buffer containing 10% glycerol, 0.01% bromphenol blue, and 10 mM Tris-phosphate (pH 5.5) (26) . Electrophoresis was performed at 4°C at 20 mA until the tracking dye reached the bottom of the gel. After SDS-PAGE and disc-PAGE, proteins were visualized by staining the gels with Coomassie brilliant blue followed by destaining in 10% methanol-10% acetic acid or by silver staining.
A zymogram technique described by Lyerly and Kreger (11) was used to locate proteolytic activity in nondenaturing gels. Nondenaturing gels were also used to separate the two protease species. After disc-PAGE, as described above, and staining of guide strips to estimate the position of protease in the gels, slices (1 mm) were taken from the area of the gel corresponding to the location of the protease. Gel slices were placed in sterile 1.5-ml microcentrifuge tubes and eluted into 0.1 ml of 0.001 M EDTA, pH 7.0. Samples of the gel slice eluates were analyzed by SDS-PAGE to determine which slices contained the separated protease species. Appropriate pools of protease-containing eluates were made, concentrated by evaporation under reduced pressure, and then stored at 4°C until used.
Molecular weight determinations. The molecular weight of the native purified protease was determined by gel filtration chromatography through a column (1.5 by 120 cm) of BioGel P-100 (Bio-Rad) equilibrated with 0.025 M Tris-0.1 mM NaCl (pH 7.5) at a flow rate of 2 ml/h. Gel filtration chromatography of protein standards with known molecular weights was performed to calibrate the column elution volume. The molecular weight of the L. pneumophila protease was estimated by interpolation of the protease elution volume relative to the volumes of standard proteins.
Molecular weight estimates of the L. pneumophila protease were also made by comparing the migration of the protease to those of protein standards through a 7.5 to 15% gradient slab polyacrylamide gel in SDS buffer (10) . Samples were prepared for electrophoresis as described above.
Isoelectric focusing. The isoelectric point of the L. pneumophila protease was determined in 2.5-mm cylindrical polyacrylamide gels (7% acrylamide) using both broad-and narrow-range ampholytes (Bio-Rad) by standard methods (Hoeffer Scientific Instruments, San Francisco, Calif.). The single most significant purification step was hydrophobic column chromatography on octyl-Sepharose CL-4B. The removal of a substantial portion of the UV-absorbing material present in the protease preparation was accomplished by hydrophobic chromatography (Fig. 1A) (Fig. 3) . The more abundant species, which had lower molecular weight as determined by SDS-PAGE, was apparently the more electropositive of the two proteins and thus migrated more slowly in the disc-PAGE gel system than the 3.0 higher-molecular-weight (less abundant) species (compare Fig. 2 with Fig. 3 ). By using a zymogram technique (11), it was determined that both proteins demonstrated proteolytic activity (Fig. 3) .
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The degree of resolution obtained by disc-PAGE was E sufficient to obtain a small-scale separation of the two C protease species. After SDS-PAGE, which confirmed the LO 10 separation of the two bands (Fig. 4A) , the proteins were <: compared antigenically by Ouchterlony double diffusion (Fig. 4B) . Although weak in reactivity relative to the unfractionated doublet, the separated proteases appeared to share major antigenic determinants (Fig. 4B) . Although the procedure was not conclusive, evidence for antigen dissimilarity was not obtained.
To determine the origin of the protease doublet, we examined a Knoxville-1 strain culture filtrate and a purified protease preparation by an immunoelectroblot procedure 0.3 (23) . When protease activity which eluted from the octyl-Sepharose column was virtually homogeneous as judged both by the similarity of the resulting specific activity to that of pure protease (Table 1) and by SDS-PAGE (Fig. 2) . The octylSepharose preparation, however, had a yellowish cast, which was subsequently removed by DEAE-agarose (BioGel A) column chromatography (Fig. 1B and Table 1 ). The Bio-Gel A-purified material was colorless and had a uniform specific activity through the gradient elution profile (Fig.  1B) . The purification scheme consistently resulted in protease yields of 12 to 18 mg of protein which had a specific activity of approximately 10,000 U/mg of protein ( Table 1) . Recovery of the protease was routinely measured as approximately 50% of the initially observed activity. The results listed here (Table 1) are typical of those obtained in 10 such protease purifications.
When subjected to SDS-PAGE, the purified protease preparation resolved as two protein bands (Fig. 2) . Silverstained gels demonstrated the absence of other contaminating proteins and lipopolysaccharide (data not shown). The lower band of the protease preparation was present in abundance (Fig. 2) proteases were present in the purified preparation (Fig. 5) . Preliminary experiments with other strains of L. pneumophila revealed similar results (data not shown). In all cases, the doublet appeared after both the DE-53 batch binding step of the purification scheme (data not shown).
Attempts to convert the 40-kDa protease to the 38-kDa form by incubation with various other proteases, with L. pneumophila cell extracts, or by autodigestion were not successful (data not shown). However, the proteolytic procedures using either a second protease or self digestion revealed patterns of protein degradation, which again suggested that the proteins were structurally related, although not necessarily associated in a precursor-product relationship (data not shown).
Physical properties of the purified protease. The masses of the two protease proteins, as estimated by SDS-PAGE, were 38 and 40 kDa (Fig. 6A) . A size estimation based on gel filtration column chromatography (Bio-Gel P-100) was 34 kDa (Fig. 6B) Since a previous study reported that a partially purified L. pneumophila protease preparation was inhibited by metal chelators but not by inhibitors of serine-type proteases (25) , we examined the metal content of the purified protease preparation. Atomic absorption spectroscopy of the purified protease preparation revealed a single gram-atom of zinc per mole of enzyme (Table 2) . Unlike its stoichiometric content of zinc, the enzyme did not contain copper or cobalt.
Stability and activity of the purified protease, Preincubation of the purified protease at temperatures below 40°C had little if any effect on enzyme activity. Preincubation at 40 and 50°C resulted in 48 and 65% losses in activity, respectively. Higher temperatures of preincubation led to total loss of activity. Stability under various types of storage was also investigated since it was found that freezing the protease samples resulted in a marked decrease in enzyme activity. A single freezing and thawing resulted in the loss of about 15% of the initial activity (even if quick-frozen in an acetone-dry ice bath and stored under liquid nitrogen). Repeated freezing and thawing (10x) led to a nearly total loss of activity. The optimal condition for storage of the enzyme was found to be at 4°C after concentration to 2 to 5 mg of protein per ml and filter sterilization. The enzyme remained stable for at least 6 months under these conditions.
The enzyme exhibited a fairly broad range of activity through the neutral pH range, although significant activity was found at a pH of 8.5. Optimal enzyme activity was observed, however, between pH 6.0 and 6.5 ( Table 3 ). The effect of various metal ion chelators and protease inhibitors on the activity of the L. pneumophila was examined (Table 4 ). In general, the metal ion chelators EDTA, EGTA (ethylene glycol-bis[P-aminoethylether]-N,N,N',N'-tetraacetic acid) and O-phenanthroline were all effective in inhibiting protease activity. Significant reduction of activity was observed at chelator concentrations as low as 0.1 mM. Total or nearly total inactivation of protease activity followed incubation with the chelators at a concentration of 10 mM. The protease was not affected by incubation with dithiothreitol, a potentiator of sulfhydryl reactive proteases (13) ; PMSF, a potent inhibitor of serine-type proteases and other hydrolases (7); or chymostatin and soybean trypsin inhibitors (inhibitors of chymotrypsin and trypsin, respectively).
Inhibition of the protease activity by EDTA could be restored by the addition of various metal ions ( (21) described some of the biochemical properties of a partially purified proteolytic enzyme produced by the Knoxville-1 strain of L. pneumophila. We present here the details of a purification scheme for the L. pneumophila protease and describe some of the physical and biochemical properties of the enzyme.
After the purification regimen described in this report, two protease species, separable by SDS-PAGE, nondenaturing disc-PAGE, and isoelectric focusing, were identified. Both proteins demonstrated proteolytic activity and were antigenically indistinguishable. Possession of multiple enzyme forms, as observed here, is a common feature among zinccontaining proteases from other bacterial species (9, 11, 27) and other enzymes in general (19) . The molecular microheterogeneity observed following electrophoresis could be a consequence of single amino acid residue changes (5), posttranslational covalent modifications, autodigestion (9), or modification occurring as a result of purification (19) . It is unlikely that single amino acid changes are the cause, since the observed ratio of the two proteins changed from one purification to the next. Once the doublet was established, presumably after DE-53 batch binding and gradient elution, the relative amounts of the two proteins were constant through the remainder of the purification scheme and for at least 1 year of storage at 4°C. These observations are consistent with our unsuccessful attempts to convert the 40-kDa protein to the 38-kDa form by various treatments, including proteolysis and autodigestion. The two forms are most likely generated as a result of covalent modification during purification (19) . The product of this modification, however, does not affect enzyme activity since both forms are proteolytic, and the extent of proteolysis observed by a zymogram technique was relative to the amount of Coomassive brilliant blue staining protein in the gel slice. Further, the specific activity of different purified preparations, although differing in the relative amounts of the 38-and 48-kDa enzyme forms, were nearly identical. The enzyme activity of the purified protease preparation was greatest in the neutral pH range and was subject to reversible inhibition by metal ion chelators. Restoration of enzyme activity after treatment with EDTA was observed subsequent to the addition of various free metal ions to the inactive enzyme. The most effective metal in reversing the inhibition by EDTA was Zn2,. However, other metals, including Fe3+, Cu2+, Mn2+, and Fe2+, also restored activity. Contrary to the findings of an earlier report (21) in which a partially purified protease preparation was used, inhibition of the enzyme by EDTA could not be restored by Mg2+ or by c2+.
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estoration of EDTA-inhibited activity by the addition of various metal ions probably reflects the affinity of the particular metal for EDTA bound to the enzyme (13, 20) . Another explanation is that the metals are replacing Zn2+ at the active site after its removal by EDTA. This hypothesis, although not tested, is less likely since protease samples were dialyzed against 0.001 M EDTA before atomic absorption spectroscopy. The observed inhibition of protease activity by excess metal ion concentration is a common feature of many metal-containing enzymes (12) and probably represents a distortion of the active-site geometry.
Proteolytic activity of the purified protease was not inhibited by PMSF, chymostatin, or soybean trypsin inhibitor. These results do not agree with those of a previous study by Berdal et al. (3) in which the L. pneumophila protease was described as chymotrypsinlike because (i) the enzyme was active against chymotrypsin-specific chromogenic peptides and (ii) enzyme activity was inhibited in part by chymostatin. Although our study did not examine the activity of the L. pneumophila protease on chromogenic peptide substrates, we did have the advantage of using a homogeneous enzyme preparation. The enzyme preparation used in the study by Berdal et al. (3) was a size-fractionated concentrated culture filtrate from Legionella strains grown in filtersterilized yeast extract broth (1) . Our experience has been that a preparation such as the one used in the study by Berdal et al. (3) is extremely complex and contains many different protein species. The inability to demonstrate inactivation of the purified protease with PMSF suggests that the enzyme catalyzes peptide bond hydrolysis by a mechanism distinct from that of chymotrypsin (7, 8) , regardless of its activity on synthetic peptide substrates. Our findings are consistent with the L. pneumophila protease acting as a typical neutral pH range, zinc-containing metallopeptidase (14) .
Further studies will be necessary to separate the two molecular forms of the enzyme identified in this study and to determine their molecular compositions and enzymatic specificities. We are now investigating the molecular nature of proteases produced by other Legionella species and the contributory role of protease in lung infections caused by these organisms.
